The development of various ring-opening and ring-expansion strategies has increased the synthetic accessibility of oxetanes. This, together with some commercial successes in polymers, pharmaceuticals and agrochemicals has led to renewed interest in these ring systems. 1 -14 Oxetanes are often synthesized from 1,3-diols by treatment of their methanesulfonates or toluenesulfonates under alkaline conditions (sodium hydride, potassium tertbutoxide, butyllithium, etc.) in organic solvents (Scheme 1). 15 -17 This method suffers sometimes, however, from low yields as well as the need for expensive alkaline reagents, which makes the procedure less attractive to apply, particularly in an industrial setting.
Scheme 1
Trisubstituted 1,3-propanediols are easily obtained from an aldol condensation followed by a cross Cannizzaro reaction when two equivalents of isobutyraldehyde (or another α,α-disubstituted aliphatic aldehyde) and a substituted benzaldehyde (or in some cases an aliphatic aldehyde) are allowed to react under basic conditions in alcoholic solvents. 18 -19 These 1,3-diols are interesting in that they are readily converted to phosphoric acid derivatives on reaction with phosphorous oxychloride followed by base. These phosphoric acids have been resolved by ten Hoeve and Wynberg. 20 The enantiomerically pure 1,3-diols can be readily obtained by treatment of the phosphoric acids with glycol and potassium hydroxide or with lithium aluminum hydride (Scheme 2). 21 There has been considerable interest in using these enantiomerically pure 1,3-diols as chiral synthons or chiral auxiliaries. 22 -23 Synthesis and stereochemical characterization of both racemic and optically pure oxetanes from these 1,3-diols was the aim of this work.
Reaction of the diols 1a-i, obtained as indicated in Scheme 2, with methanesulfonyl chloride at -10 to 0°C in the presence of triethylamine or pyridine in dichloromethane or chloroform gave the sensitive monomethanesulfonates 2a-i, which could be characterized by NMR techniques. There is ample precedent for mesylation (or tosylation) at the least hindered primary hydroxy group. 24 -28 This structural assignment is also entirely consistent with the 1 H NMR spectrum. For 2a the benzylic proton, which is diagnostic for functionalization at the secondary hydroxy group, absorbs at δ = 4.65 and is barely shifted relative to the free diol 1a in which this absorption is found at δ = 4.62. The diastereotopic protons of the methylene group are, however, shifted downfield in 2a. In the dimesylate 5, obtained by mesylation with excess mesyl chloride under forcing conditions, the benzylic proton is shifted downfield to δ = 5.50 indicative of mesylation at this position. The conversions are illustrated for the series a in Scheme 4. No evidence (NMR) was ever obtained for competing sulfonation at the secondary alcohol position.
Scheme 2 Scheme 3
Ring closure is accomplished under basic conditions in a Williamson reaction whereby the secondary alcohol acts as the nucleophile. Phase transfer catalysis (PTC) offers significant advantages over conventional procedures for ionic substitution processes. 29 The avoidance of expensive anhydrous or aprotic solvents, the use of cheap, aqueous bases, improved reaction rates, lower reaction temperatures, and easier workup are all advantages that accrue to the method. Application of PTC methods (quaternary ammonium salt, NaOH as base, CH 2 Cl 2 as solvent) led to the formation of 3a-i (Scheme 4) in the overall yields indicated in parentheses. Compound 3a has been reported in the literature 15 and was prepared in 82 % yield from the mesylate of 1a by treatment with KOBu-t in tert-butyl alcohol following the literature method. Attempts by us (entries 2 and 3 in Table 1 ) to use cheaper KOH in MeOH led to significantly poorer yields. The 2-methyl-1-phenylprop-1-ene found (entry 3) appears to be the result of a catalyzed thermolysis of mesylate 2a or oxetane 3a at 50°C. The pure oxetanes are, however, thermally stable at this temperature and begin to undergo thermal cycloreversion and/or polymerization only at about 300°C. 30 Oxetane thermolysis is complicated and is known to be subject to acid catalysis. 31, 32 On distillation of impure 3a containing a very small amount of mesylate (monomesylate or dimesylate) some 2-methyl-1-phenylprop-1-ene was ob- served, apparently the result of catalyzed decomposition. The oxetanes were therefore first subjected to column chromatography followed by distillation to obtain analytically pure materials.
The choice of leaving group is important. The tosylate of 1a under comparable PTC conditions required a reaction time of five days at room temperature to obtain a yield of 3a of 50 % whereas 2a provided the oxetane in > 95 % yield in 2-4 hours under analogous conditions (Scheme 5).
Scheme 5
Several quaternary ammonium salts were examined as phase transfer catalysts under given conditions for the synthesis of 3a from 2a ( There is a roughly linear relation (at least in the initial stages) between the concentration of alkali and the reaction rate under standard conditions ( Figure 1 ). Mesylate 2a was converted to oxetane within 3-4 hours when 50 % aqueous sodium hydroxide was used but the reaction took nearly one day when 10 % aqueous sodium hydroxide was used.
Influence of Concentration of NaOH * Reaction condition: monomesylate 2a (1g), CH2Cl2 (20ml), NaOH in water (10ml), PTC (1%mol), stirring at the room temperature. ** Detected by NMR, the conversion of monomesylate 2a was followed.
Figure 1
In phase transfer catalysis, the effect of counterions can be pronounced. In initial experiments, crude mesylates were used without purification for the ring-closure reactions in an attempt to carry out a one-pot procedure. As shown in Figure 2 , however, extraction of the crude mesylate 2a, dissolved in CH 2 Cl 2 , with H 2 O prior to reaction leads to a substantial increase in reaction rate. This is most likely due to the removal of Et 3 NH + , Cl -from the mesylate. This extra ionic material suppresses the rate of ring closure. A washing procedure was used consistently once this effect had been uncovered.
Influence of Washing with Water for PTC * Reaction condition: monomesylate 2a (10mmol), CH2Cl2 (50ml), 10% NaOH (20ml), PTC (1%mol), stirring at room temperatue. ** Detected by NMR, the conversion of monomesylate 2a was followed. Optically active 3,3-dimethyl-2-phenyl-oxetane (S)-( + )-3a has been synthesized previously by means of enantioselective reduction of 3-chloro-2,2-dimethyl-1-phenyl-1-propanone followed by ring closure. 33 In this work as well as that of Balsamo et al. 15 it has been shown that the chiral center of starting substances (1,2-disubstituted 1,3-diols or 1,2-disubstituted 3-chloropropanols) is not involved in the ring closure and keeps its original configuration. The diols 1a, 1c and 1g in optically pure R and S forms were readily converted into the optically pure oxetanes (Figure 3 ) by the PTC procedure described above. The configuration of the asymmetric center is not affected during reaction. Optical rotations of the products are given in Table 3 All chemicals used in this work were commercially available. The 1,3-diols including optically pure samples were prepared following literature methods. 20 (S)-( -)-2-Hydroxy-4-(2-methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaphosphorinane 2-oxide was generously supplied by Dr. R. Hulst. 1-Isopropyl-2,2-dimethyl-1,3-propanediol was bought from Janssen as were all of the quaternary ammonium salts used as phase transfer catalysts. Methanesulfonyl chloride should be used from a fresh bottle. 1 H NMR (200 MHz) and 13 C NMR (50.3 MHz) spectra were determined on a Varian Gemini-200 system. CDCl 3 was used as a solvent and Me 4 Si as an internal reference. The enantiomeric purities of the oxetanes were determined by 1 H NMR (200 MHz) analysis using the chiral shift reagent tris(dicampholylmethanato)europium(III), Eu(dcm) 3 , 10 mol percent. In all cases the racemic mixtures were examined to ascertain whether the enantiomers could be discriminated. Accuracy is about 5 %. IR spectra were obtained in KBr pellets with a Perkin-Elmer To a stirred solution of diol (0.1 mol) and dry Et 3 N (0.12 mol) in CH 2 Cl 2 (150 mL) at 0°C was added dropwise a solution of methanesulfonyl chloride (0.105 mol) in CH 2 Cl 2 (50 mL). The mixture was stirred at 0°C for 30 min after the addition, then allowed to warm to r.t. and was stirred for a further 1 h. The mixture was washed with 200 mL of water. A small sample of monomethanesulfonate was obtained for characterization by drying and evaporation of a part of the organic phase. This was examined by NMR and infrared spectroscopy. In view of the sensitivity, no attempts were made to purify these intermediates further except 2a, which was crystallized by slow evaporation of solvent (CH 2 Cl 2 ).
The organic phase was placed in a flask after separation of water. The phase transfer catalyst (PTC) (1-3 mol%) and 50 % aq NaOH (60 mL) was added. The mixture was stirred for 2-4 h at r.t. No monomethanesulfonate could be detected by TLC (aluminum oxide, Et 2 O as eluant). The reaction was stopped and was worked up. The organic phase was separated and dried (MgSO 4 ). The solution was filtered and evaporated with a rotatory evaporator under reduced pressure. The residue was separated by column chromatography (aluminum oxide; Et 2 O). 34 The pure oxetanes were obtained by bulb-to-bulb distillation under reduced pressure.
1,3-Dimethanesulfonyloxy-2,2-dimethyl-1-phenylpropane (5):
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To a stirred solution of 2,2-dimethyl-1-phenyl-1,3-propanediol (10 g, 55.6 mmol) in dry Et 3 N (25 mL) and CH 2 Cl 2 (100 mL) at 0°C was slowly added dropwise methanesulfonyl chloride (13 mL, 167 mmol). The mixture was stirred at 0°C for 30 min after the addition, then was stirred overnight at reflux temperature under a nitrogen atmosphere. The reaction mixture was poured into 150 mL of ice-water. The oil was extracted with CHCl 3 ( × 3) and dried (MgSO 4 ). Evaporation of the solvent gave the product 5, which was crystallized from Et 2 O (17.0 g, 50.6 mmol, 91 % yield, mp: 83-86°C). A solution of the monomethanesulfonate 2a (10 g, 55.6 mmol) in t-BuOH (120 mL) was treated with KOBu-t (7 g, 62.5 mmol) and was stored overnight at r.t. The reaction mixture was diluted with petroleum ether and filtered. Evaporation of the solvent gave a residue, which was washed with 30 mL of water and dried (MgSO 4 ). Filtration and evaporation gave crude oxetane (7.9 g). The crude product was separated by column chromatography (aluminum oxide; Et 2 O) to yield 7.4 g (45.7 mmol, 82 %) of 3a.
Reaction of 3-Methanesulfonyloxy-2,2-dimethyl-1-phenyl-1-propanol (2a) with Sodium Hydroxide (or Potassium Hydroxide) in Methanol:
The monomethanesulfonate 2a (4 g, 15.5 mmol) was treated with KOH (3 g, 54 mmol) in MeOH (10 mL) and was left overnight at r.t. Isolation of the mixture gave 1.4 g (56 %) of 3,3-dimethyl-2-phenyloxetane and 1.7 g of starting monomethanesulfonate. The monomethanesulfonate of 2,2-dimethyl-1-phenyl-1,3-propanediol (4 g, 15.5 mmol) was treated with KOH (3 g, 54 mmol) in MeOH (15 mL) and stirred for 1 h at 50°C, and then stored overnight at r.t. The results of NMR measurements showed that the mixture contained 2-methyl-1-phenylprop-1-ene (38 %) and 3,3-dimethyl-2-phenyloxetane (55 %). No starting monomethanesulfonate was found.
3-Methanesulfonyloxy-2,2-dimethyl-1-phenyl-1-propanol (2a):
Mp 43-45°C. = 3539br s, 3029m, 2976s, 1474s, 1452s, 1350vs,  1172vs, 1048s, 957vs, 831s, 737s, 705s = 3536br s, 2972s, 1600s, 1586m 1490s, 1465s, 1440s,  1350vs, 1286m, 1241s, 1173vs, 1042s, 955s, 852m , 833m, 759s cm = 3432br w, 3070w, 2963m, 2932m, 1714s, 1612s,  1487s, 1456s, 1307s, 1228s, 1129s, 1085s , 757s cm CDCl 3 ): δ = 22.03q, 26.93q, 40.33s, 81.24t, 89.00d,  126.74d, 127.28d, 128.17d, 128.84d, 130.80s, 138 .03s. IR (KBr): ν = 3437brw, 3069w, 2965s, 2871s, 1730s, 1462s, 1439s, 1295s, 1246s, 1124s, 1052s, 987s, 750vs cm = 3546br s, 3025w, 2981m, 2840m, 2882m, 1487m,  1473m, 1343vs, 1169vs, 1091m, 1060s, 1012s, 975s, 957vs, 866s , 833s, 770m cm Methanesulfonyloxy-2,2-dimethyl-1-(2-methoxyphenyl)-1-propanol (2g ν = 3523brw, 2965s, 1694m, 1599m, 1489s, 1463s,  1353s, 1240vs, 1176s, 1085s, 1027s, 1010s, 972s, 
3-
